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PREFACE
This report, submitted February 1971, describes work performed
under contract NAS5-21197 during the period from May 1970
through November 1970o The program has been conducted at the
Honeywell Radiation Center, Lexington, Massachusetts. The NASA
program monitors have been Mr. J. McElroy and S. Cohen at the
Goddard Space Flight Center.
A number of scientists and technicians have contributed to the
program. Dr. D. Ao Soderman and Mr. A. B. Timberlake were the
principal investigators. Mr. R. Lancaster and Dr. H. A. Andrews
supported this program through the (Hg,Cd)Te material growth and
characterization° Mr. D. Maloney fabricated the devices. We
acknowledge the valuable technical discussions with Drso
J. B. Flynn and M. W. Scott.
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ABSTRACT
High speed sensitive (Hg,Cd)Te photodiode detectors operating in
the 77 to 90 °K temperature ranEe have been developed for the 10.6
_m spectral region, P-N junctions formed by impurity (gold) diffusion
in n-type (Hg,Cd)Te and by stoichiometric Geviation (mercury)
diffusion in p-type (Hg,Cd)Te have been investigated. These
photodiodes of approximately 3 x 10 -3 cm2 area have exhibited
responsivities between 20 and 360 V/W, external quantum efficiencies
between 2 and 50%, specific dete¢_vities D$ (11o5, i kHz, i Hz)
between 0°7 and 1o7 x i0 I0 cm Hz£I /W, and _esponse times between
40 and less than 7 nanoseconds (25 MHz) which is frequency limita-
tion of the CO 2 laser heterodyne system°
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SECTION I
INTRODUCTIONAND SUMMARY
Advanced high data rate, intersatellite communications systems
envisioned and under construction by NASA/Goddard Space Flight
Center will require highly sophisticated infrared detectors. In
order to utilize the capabilities of the CO2 laser fully, a photo-
detector sensitive to 10.6-_m radiation with an electrical band-
width in the GHz range must be developed. Furthermore, for the
detector to be useful in spacecraft systems, it should not require
cooling below liquid nitrogen temperature.
Although there are 10.6-_m photodetectors with properties which
approach some of the electrical bandwidth, quantum efficiency,
and temperature requirements, there are none which meet all of
these. Thus, Honeywell has been engaged in a program with NASA/
Goddard to develop a mercury cadmium telluride photodiode with a
3-dB roll-off frequency greater than 400 MHz, a quantum efficiency
of 20% and an operating temperature of i00 °K. To achieve this
design goal, Honeywell has directed its efforts first towards
producing photodiodes with consistent, reproducible characteristics
and then towards optimizing those characteristics to meet the
goals of this effort.
The material properties of the alloy semiconductor mercury cad-
mium telluride (Hg,Cd)Te are ideally suited to this application
because of the following characteristics: (I) a continuously
variable energy gap, permitting the peak responsivity to be tuned
to 10.6 _m; (2) an intrinsic photodetector, allowing high per-
formance operation in the 77 to I00 °K temperature range; (3) a
direct low energy gap semiconductor, leading to a high absorption
coefficient and resulting in a very high quantum efficiency; (4)
a high electron mobility, yielding very short transit times and a
large electrical bandwidth; and (5) a well-established material
_rowth and detector fabrication technology, yielding high per-
formance (Hg,Cd)Te photoconductive detectors for the 8-14 _m
spectral region.
During the first phase of this contract, Honeywell has made sub-
stantial progress in the investigation of (Hg,Cd)Te material
properties and diffusion techniques required for the fabrication
of high speed (Hg,Cd)Te photodiodeso Temperature dependent Hall
coefficient and resistivity measurements have been made to select
classical n and p-type (Hg,Cd)Te. P-N junctions have been formed
by impurity (gold) diffusion in n-type material and by stoichiometric
deviation (mercury) diffusion in p-type material° Radioactive
tracer and electrical measurements on the diffused surface layer
have suggested a two-step diffusion mechanism in (Hg,Cd)Te material°
One gold diffused photodiode at 77 °K with an 11o5 _m peak spectral
response and 4 x 10-3 cm2 area exhibited responsivity between I00
and 360 V/W, external quantum efficiency1_etwee_,_6 and 50%, speci-
fic detectivity between 0.7 and I. 7 x 101Ucm Hzl/L/W, and 40-nano-
second response time with 0.9 _m radiation. These performance
characteristics vary with dc reverse bias; however, they do not
change as the detector operating temperature is increased to 90 °K.
The response time is limited by electrical circuit constraints
through the product of the junction capacitance and series resistance
of the particular contact configuration on the diffused layer
which has not been optimized for high speed operation.
The reverse bias currents in the fabricated photodiodes are larger
than expected at low temperatures; thus, several experiments to
investigate surface inversion and bulk diffusion material properties
have been initiated° Voltage dependent junction capacitance and
resistance measurements have been made to further the understanding
of the junction characteristics.
The performance of photodiodes fabricated by mercury in-diffusion
(stoichiometric deviation) has not been as extensively analyzed
as the gold diffused photodiodes, however the zero bias responsivity
and detectivity measurements made on a number of photodiodes with
peak spectral responses in the 8.6 to llo5-_m range are encouraging.
The zero bias performance characteristics of several mercury
diffused photodiodes at 77 °K have shown responsivities between
20 and 200 V/W, external quantum efficienc_s between 2 and 24%, and
specific detectivities as high as 1.5 x i0 TM cm Hzl/2/W. Response
time measurements were made using pulsed 0.9-_m radiation ranging
from 20 to 50 nanoseconds and CO 2 laser (10o6-_m radiation)
heterodyne detection ranging from 16 nanoseconds to less than 7
nanoseconds. The heterodyne laser equipment limited this frequency
response measurement to 25MHz_
la
SECTION 2
MATERIAL PROPERTIES OF (Hg,Cd)Te
Before a high speed (Hg,Cd)Te photodiode can be designed for a
peak responsivity at 10.6 _m and its performance predicted, sev-
eral material parameters must be established. The following cal-
culations for the effective mass, intrinsic carrier concentration,
mobility, and lifetime have been previously reported under prior
NASA and Air Force contracts and have been included in this re-
port to establish a firm theoretical understanding of the mat-
erial parameters of (Hg,Cd)Te.
2. I ENERGY GAP
Mercury cadmium telluride (Hgl_xCdx)Te is a ternary alloy formed
by chemically combining the semi-metal mercury telluride (HgTe)
with the semiconductor cadmium telluride (CdTe). In this nota-
tion, x represents the mole fraction of CdTe. A continuously
variable optical bandgap in (Hg,Cd)Te can be produced because
this material has a bandgap contraction and inversion as a func-
tion of composition. In particular, the bandgap can be varied
from 1.6 eV to approximately zero eV.
This large variation is possible because the two compounds are
completely miscible for x values between 0 and Io Since the
bandgaps of both HgTe and CdTe are temperature dependent, the
bandgap of the alloy varies with temperature as well as with com-
position. Figure 2.1 shows the most probable dependence of the
r6 - F8 bandgap (henceforth called Eg) upon x inferred from
recent optical absorption and detector cutoff wavelength measure-
ments over a large range of x values.
To create electron hole pairs by intrinsic absorption of 10.6-_m
radiation from a CO 2 laser, an energy gap near 0. i eV is required.
Thus, the (Hgl.x,Cdx)Te material should be prepared with an x
value near 20%. Since the energy gap varies significantly with
temperature in this composition range, a more precise composition
for 10o6-_m peak sensitivity depends on the detector temperature.
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Figure 2.1 ENERGY GAP VS COMPOSITION IN (Hg,l_xCdx)Te
The compositional and linear temperatures of the energy gap as
determined by detector cutoff wavelengths are given by Schmit and
Stelzer _ as:
(10-4)T 3Eg(eV) = 1.59 x -0.25 + 5.23 (1-2.08 x) + 0.327 x (2.1)
M.W. Scott 2 gives an expression for the temperature dependence of
the energy gap as determined by optical absorption which differs
from equation 2.1 by at most a few hundredths of an eV at low x
values.
2_2 OPTICAL ABSORPTION COEFFICIENT
The optical absorption coefficient versus wavelength has been cal-
culated from the infrared transmission through a 20-_ thick sample
of (Hg0o79,Cdo 21)Te at 87 °Ko These results are shown in Figure
2.2. Except _6r the shift in wavelength due to the temperature
dependence of the energy gap, the s_ape of this curve does not
vary significantly with temperature . Also shown in Figure 2.2
is the extrapolated optical absorption versus wavelength for the
approximate composition of (Hg,Cd)Te required for 10.6-_m radia-
tion detection. The optical absorption coefficient for this c_m-
posStion (Hg 805,Cd0.195)Te at 87 °K should be at least 2 x I0
cm "_ for 10.6-_m radiation. This absorption curve and others made
at different temperatures and.compositions can be approximated by
the expression given by Stern 4 for a simple band structure:
i ol ,o -- --$-- - E (2.2)
n hc g
This absorption coefficient should be insensitive to conductivity
type. In p-type material, where there should be a negligible
Burstein-Moss shift, the absorption coefficient should be insensi-
tive to doping concentration.
2.3 EFFECTIVE MASS AND INTRINSIC CARRIER CONCENTRATION
Values for the electron effective mass (m e ) as a function o_ com-
position x and temperature have been calculated by J. Schmit
from the temperature dependence of the energy gap using the Kane 6
model for degenerate nonparabolic bands. The nonparabolicity
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* Cd)Teof the conduction band causes large,changes in m e with (Hg,
composition and temperature. The m e is obtained by setting equal
the classical and Kane carrier concentration expressions. The
results shown in Figure 2.3 have been obtained by calculating the
energy gap, and then the reduced Fermi level is varied until a
numerical integration yields n = p = n i.
n i = 1.99 x 1015 T 3/2 (m_/mo)3/4 exp (-Eg/2kT) _2.3a)
_?(_ + Eg/kT) (2 y + Eg/kT)dy
= 8.1686 x 107 T 3 /
ni i + exp (? - _/dT)
O
(2.3b)
In these equations _ is a variabl_ of integration which includes
the Kane matrix element = 9 x I0 "v eV cm, and _ is the reduced
Fermi energy measured from the conduction b_ndo T represents the
detector temperature and n i the intrinsic free-carrier concentra-
tion. The temperature and composition dependence of electron
effective mass and intrinsic carrier concentration are shown in
Figures 2.3 and 2.4. Thus, in the temperature range 77 ° to 140°K,
the electron effective mass for x = 0.2 material is roughly
0Ol0_8cm-°Nm_ando the intrinsic carrier concentration is roughly 2 x
The following assumptions have been made in this calculation:
(i) linear temperature dependence of E_, (2) validity of Kane K .
modes as formulated by Harman and Strauss, and (3) hole effective
mass m h = 0.55 m o which is independent of composition and tempera-
tureo The density-of-states electron effective mass calculated
in this model agrees reasonably well with the (conductivity) 8 9 i0
effective mass measured from the cyclotron resonance absorption ' ' .
absorptionS,9,10o
2.4 MOBILITY AND DEGENERACY
In (Hg,Cd)Te, the major scattering process determining the mobili-
ty includes both impurity and lattice scattering. In the tempera-
ture range between I00 and 300 °K, the lattice scattering of free
carriers decreases as the temperature is lowered. Acoustic and
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optical phonon (lattice) scattering in n-type material has an ef-
fective mass and temperature dependence given by
i
_lattice _ * 5/2 T3/2
(me ) (2.4)
At lower temperatures the mobility peaks and eventua$1y decreases due
to scattering from ionized impurities and lattice imperfections.
Calculations have been made using lattice scattering and degenerate
impurity scattering over a wide range of temperatures and composi-
tions. A partially degenerate condition exists for x J 0.2 over
the temperature range from 4 to 300 °K. A free car_er c_ncentra-
tion as high as 2 x 1015 cm -3 for n-type and 4 x I0 _I cm "J for p-
type can be used in (Hg,Cd)Te without full degeneracy occurring
over the 77 to 140 °K temperature range.
The electron mobility calculated from the _easured Hall coefficient
and resistivity in n-type Nn_ 5 x 1014 cm- (Hg 0 81,Cd0 lq)Te
material h_ving a peak spectral response at 14 _m is ap_r6ximately
2 x l0 b cmZ/volt-s at 77 °K. There is no distinction between the
Hall and conductivity mobilities due to the spherical energy
surfaces and degenerate statistics involved.
The hole mobility is not as well known in n-type (Hg,Cd)Te material.
However, from photoconductive detector performance measurements
made at low temperatures, the mobility ratio _e/_n = b is roughly
i0. It is not expected that the mobility ratio will be strongly
temperature dependent. Thus, the hole mobility should be near
104 cm2/volt in the desired temperature range.
2.5 LIFETIME
In a direct bandgap material, such as (Hg,Cd)Te, the lifetime is
composed of several competing mechanisms and can be written as
l= 1 +__I +__l + s
_rad _A _S-R d (2.5)
9
where rra d is the radiative, rA is the Auger, and rs_ R is the
Shockley-Read free carrier recombination lifetimes. The S/d
term includes the effect of surface recombination.
The radiative lifetime has been calculated from the Shockley and
vanRoosbroeck theory using the measured absorption coefficient.
The values obtained are an order of magnitude above the measured
values; and, thus, rradiativ e can probably be neglected under
most operating conditions.
The temperature dependence of the photocond_tive31ifetime r
in (Hg0.81,Cd 0 19)Te material with a 4 x i0 cm- donor impurity
concentration _as been computed from the measured frequency res-
ponse to a 0.9-_m radiation signal. II These results are shown in
Figure 2.5. The temperature dependent behavior of the lifetime
indicates that the rS_ R is the dominant lifetime below approxi-
mately I00 °K and taupe r is the dominant lifetime at higher temp-
eratureso Since the _hockley-Read model roughly fits the curve
below i00 °K, it implies that a recombination level exists within
the material and has an energy of excitation of approximately
0.02 eV. These recombination centers are believed to result from
a deficiency or surplus of mercury atoms since stoichiometric
deviations can produce either acceptor or donor states in the for-
bidden gap yielding p- and n-type material.
In Auger recombination, the lifetime will decrease as the free
carrier concentration increases, as given by:
2
2n. _.
i 1
rAuger = (no + Po + _n) [no + _n + _ (Po + _n )] (2.6)
where
1
= intrinsic material lifetime
-- parameter depending on the effective mass
and the energy gap
_n = background generated carriers
no,Po = thermal equilibrium generated carriers
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Thus, the minority carrier (hole) lifetime in lightly doped n-type
material in thermal equilibrium is in the 0.5 to I microsecond
range in the 77 to 140 °K temperature range. The behavior of the
minority carrier (electron) lifetime in p-type material is not as
well understood° The Auger lifetime in heavily doped p-type
material should be roughly 1 nanosecond in this temperature range.
2.6 HALL COEFFICIENT AND RESISTIVITY
The temperature dependences of the Hall coefficient and resistivity
for typical n-type and p-type (Hg,Cd)Te are shown in Figures 2.6
and 2.7. These measurements were made with a continuously record-
ing ac Hall and resistivity system developed by W. Scott and
checked at 300 and 77 °K with the standard dc system. The Hall
coefficient and resistivity in Figure 2.6 increases monotomically
with reciprocal temperature as expected for a "classical" n-type
semiconductor° The Hall coefficient calculated from the intrinsic
carrier concentration roughly follows the measured Hall coefficient,
except at low temperatures where the material becomes extrinsic.
This material has been used in the study of p-type diffusions in
(Hg,Cd)Teo
The Hall coefficient in Figure 2.7 exhibits a crossover from
negative to positive at roughly 135 °K. This is expected in
"classical" low energy gap p-type material where NA > ND. The
Hall coefficient and resistivity for a two carrier-semiConductor
are given by
RH = -(nb2-p)
(2.7)
2
q (nb + p)
p
q _p (nb + p) (2.8)
where b = _n/_p is the mobility ratio. If p- NA > ND, at temp-
eratures where the material is intrinsic, n_b 2 is greater than p;
and the Hall coefficient is negative. At 18wer temperatures
where the material is extrins_, pis greater than n_ _. and the
Hall coefficient is positive. The small change in _esistivity
12
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can be explained by postulating that the material is essentially
p-type (p > n) at all temperatures, except that at high tempera-
tures the currents carried by the minority and majority carriers
are comparable due to the large mobility ratio b. This material
has been used in the study of n-type diffusions in (Hg,Cd)Te.
2.7 MATERIAL SELECTION
Both n- and p-type (Hg,Cd)Te materials as previously described have
been selected for diffused p-n junction investigation. Material
exhibiting "anomalous" electrical properties which possibly are
p-type with an n-type surface inversion _ layer has been avoided.
Thus, n- and p-type material with the following measured and
assumed material parameters for 77°K temperature operation has
been considered in the design of a high speed 10.6-_m detector.
Parameter Symbol Magnitude
(Hg,Cd)Te Composition X 0.19 to 0.20
Energy Gap Eg
Optical Absorption Coefficient x
Electron Effective Mass
Hole Effective Mass
Intrinsic Carrier Concentration n.
l
Electron Mobility _n
Hole Mobility _p
n-type Material
Donor Concentration ND
Lifetime
P
p-type Material
Acceptor Concentration NA
Lifetime r
n
= 0oi eV
2 x 103 cm -I
m /m = 0. 008
e o
mh/m ° = 0.3
5 x 1013 cm'3
2 -I -i
2 x 105 cm volt s
2 x 102 cm2volt-ls -I
1014 -35 x cm
10 -6 S
1016 -3cm
-9
I0 s
15
SECTION 3
JUNCTION FORMATION
3ol INTRODUCTION
Essential to the fabrication of (Hg,Cd)Te photodiodes is the ability
to selectively dope the material and form p-n junctions. The elec-
trical properties of (Hg,Cd)Te can be altered by changing the stoi-
chiometry or by foreign impurity doping. Honeywell has pursued both
approaches in junction formation required for photodiode fabrication.
Although not a great deal is known about the properties of impur-
ities in (Hg,Cd)Te, it is generally assumed that interstitial Hg
and Cd produce n-type conductivity while Hg and Cd vacancies as well
as Te interstitials produce p-type conductivity. The adjustment
of stoichiometry has been used previously for junction fabrication.
In the present program, mercury in and out diffusion in (Hg,Cd)Te
was also investigated. However, it was initially believed that a
more stable junction could be produced by impurity diffusion than
by deviations from stoichiometry.
One difficulty which has not yet been resolved is the unsuitability
of present techniques for determining junction depth of diffused
layers. The present thermoelectric probe technique can be in sub-
stantial error due to the difference in hole and electron mobili-
ties. Since the hole mobility is less than one tenth of the elec-
tron mobility and the intrinsic carrier concentration in the
x _0.20 composition of (Hg,Cd)Te is comparable to the doping levels,
lightly doped p-type material can thermoelectrically probe n-type.
Thus, an optical junction measurement technique was attempted in
which a beveled surface containing the p-n junction is scanned with
a light spot one mil or less in diameter. The photovoltaic signal
generated by the spot is measured as the spot traverses the surface.
The point at which the signal is a maximum is taken to be the junc-
tion location° This technique has been used successfully in higher
energy gap material (x = 40 to 60%), however, in the x = 20%
material, a weak signal was generated only in the vicinity of the
contacts in the one sample tested. Thus, thermoelectric probing
16
and diode fabrication are the best available procedures to determine
the junction depth°
A useful characterization of a diffusion process requires knowledge
of diffused layer conductivity as well as of junction depth. The
Van der Paw technique, a four-contact method for measuring resis-
tivity of layers of arbitrary shape, has been used to evaluate
several diffusion experiments. The technique is nondestructive
and can also be used to measure the Hall coefficient.
3.2 IMPURITY DIFFUSION
3.2.1 Influence of Impurities on the Electrical Properties
There is a large variation of possible dopants which can be used
to dope (Hg,Cd)Teo One would expect that elements from columns I
and V of the periodic table could act as acceptors by substitution
for the cations and anions, respectively, in the crystal lattice,
and that elements from columns III and VII could act as donors by
similar substitution. However, a few additional requirements have
to be considered before we can use a particular impurity.
An important requirement is that the impurity should be able to be
diffused into the material at a reasonably low temperature. This
is necessary to prevent excessive dissociation of the HgTe and
drastically changing stoichiometry. The relatively small dissocia-
tion energy of HgTe greatly complicates the diffusion and annealing
procedures for junction preparation° A second problem encountered
and also due to the small dissociation energy of HgTe, is the
tendency of the impurity atom to displace the Hg from the lattice
and form yet another compound rather than dope the crystal.
Examples of this are In 2 Te3, Tel 2 and Tel 4.
We have observed that when copper and gold (from column IB) are
diffused into n-type (Hg,Cd)Te, the (Hg,Cd)Te thermoelectrically
probes p-type at low temperatures in the vicinity of 100°K, which
indicates that copper and gold behave as acceptor states. These
effects are not simply the result of a mercury out-diffusion (dev-
iation from stoichiometry), since the unplated, undiffused areas
of (Hg,Cd)Te remained n-type after the impurity diffusion.
17
Radioactive tracer measurements have confirmed the high gold con-
centration in the diffused layers.
It is difficult to evaluate the electrical properties of the high
resistance p-type diffused layer on the low resistance base mater-
ial. However, the sheet resistance measured between contacts on
the gold diffused layer of a mesa diode (10968 S-II7G) is between
45 and 90 ohms at 77 °K, while the resistance decreases to roughly
4 ohms at 300 °Ko At both temperatures the current-voltage charac-
teristics are linear indicating ohmic conduction. Similar sheet
resistances at 77 °K are calculated assuming an average acceptor
concenSration 1017 cm "3, 3-_m junction depth, and hole mobility
200 cm_/volt-s.However, at higher temperatures, the shun_
conductance of the n-type base material becomes dominant. The
high sheet resistance at low temperatures results in a high series
resistance in the diode which is apparent in the diode current-
voltage characteristics.
An alternate approach yielding photodiodes with a lower series
resistance consists of diffusing a donor impurity into p-type mat-
erial. Thus, a bromine diffusion investigation was initiated.
Bromine was chosen because it should diffuse into (Hg,Cd)Te material
in the presence of a high mercury vapor pressure and substitution-
ally replace the tellurium resulting in a donor impurity level° The
high mercury vapor pressure is required to suppress mercury vaQancy
formation which results in acceptor states° P-type samples from
ingot 20769 and 6-470 were sealed in several evacuated quartz tubes
with a mixture of prereacted bromine and mercury° One tube was
diffused for 17 hours at 275°C, another for 2 weeks at 275 °C,
and the last left at room temperature for several weeks. A non-
conducting (greenish) layer formed on all the surfaces of the
samples. When this layer was lapped away, the material thermoelec-
trically probed p-type at 77 °K as before diffusion. The formation
of a bromine compound on the surface probably inhibited the diffus-
ion of bromine into the material and, thus bromine diffusion into
(Hg,Cd)Te by this technique does not appear promising°
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3.2.2 Radioactive Gold Tracer Study
In the investigation of p-n junction formation by gold diffusion,
the question has arisen whether the diffused p-type region is the
result of a gold acceptor state or a mercury vacancy. It is known
that the electrical conductivity type in (Hg,Cd)Te can be altered
by heating the sample under various mercury vapor pressures.
In our recent investigation of p-n junctions in (Hg,Cd)Te, we have
found that junctions can be fabricated by plating the surface with
gold and then giving the sample a low temperature (250 - 300 °C)
heat treatment. Wo Scott has shown that the junction depth sub-
stantially decreases when the samples are given a heat treatment
in the presence of a high mercury vapor pressure. Thus, one may
assume that this diffusion mechanism involved the movement of
mercury vacancies° However, it has never been sstablished that
the gold actually diffuses into the (Hg,Cd)Te and does not act as
a "sink" for excess mercury which may out diffuse. Gold readily
forms an amalgam with free mercury and this is apparent with the
discoloration of the gold layer in the vicinity of a mercury pit.
Thus, a radioactive gold tracer study was initiated to establish
that the gold actually does diffuse into the (Hg,Cd)Teo The
results of this study show that gold does diffuse into the (Hg,Cd)Te
however, it is in much higher concentrations than previously assum-
ed, and its concentration profile indicates the presence of two
diffusion mechanisms.
These radioactive tracer measurements were made as part of an
ID/AR program with the assistance of H. Carter at Tracerlabs (LFE
Corporation, Waltham, Massachusetts). Radioactive gold (atomic
weight 199, half life 3.15 days) was selected because it could be
supplied carrier free (less than 2% stable gold) in a gold chloride
solution. Radioactive gold was plated on the top surface of a small
sample of (Hg0.8,Cd0o2)Te material adjacent to that previously used
for gold diffusion studies. The sample was given a typical heat
treatment which has yielded p-n junctions in 7-_m (Hg,Cd)Teo The
remaining radioactivity in counts/minute was measured as material
and lapped away from the diffusion surface. The gold concentra-
tion profile was calculated from the specific activity and the
change in radioactivity as material was removed from the surface.
Figure3°l shows the calculated gold concentration and the conduc-
tivity type as measured using a thermoelectric probe.
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These radioactive tracer measurements are probably accurate to
within a factor of two of the actual average gold concentration.
However, this technique measures the gold which may have segrega-
ted out at dislocations and crystal defects as well as the elec-
trically active gold distributed through the sample. The (Hg,Cd)Te
samples had no apparent grain boundaries and a very low density of
mercury pits; however, it is possible that a substantial amount of
gold has segregated out at these defects and has increased the
apparent gold concentration° After the gold deposition and dif-
fusion, the surface is pitted with excess gold which is not soluble
in the material and results in a very large apparent surface con-
centration.
As shown in Figure 3.1, the gold diffuses via two diffusion mechan-
isms. This fast and slow cation diffusion has been observed in
other II-VI semiconductors. The fast diffusion component can best
be described by an exponential profile
N _ exp (-x/X) (3.1)
which is similar to the diffusion along dislocation observed by
Whelan and Shaw 14 in _e self diffusion of cadmium in cadmium tel-
luride and by Nebauer J in gold diffusion in cadmium sulfide. The
slow diffusion component can be fitted to a complementary error
function distribution expected from Fick's law.
N _ I -erf[ (x/2_) ]
with a diffusion constant D = 5 x I0 -I0 cm2/s at 275 °C.
(3.2)
The addition of these two diffusion components yields a profile
which is in good agreement with that measured for x > 1 milo
The slow diffusion component observed in _old diffused (Hg,Cd)Te I
is believed to be substitutional gold replacement of mercury result-
ing in an electrically active acceptor dopant. This is supported
by the thermoelectric conductivity data° Assuming a reasonable
mobility ratio (i0-I00), this thermoelectric data is consistent
with the slow diffusion profile. Also, the junction depth shown
in Figure 3.2 roughly follows a square root time dependence as
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expected from Equation 3.2. Thus, the slow substitutional diffusion
component is believed to be electrically active as opposed to the
fast interstitial diffusion component.
3.3 DEVIATIONS FROM STOICHIOMETRY
P-n junctions can be prepared by a nonstoichiometric condition via
mercury in and out-diffusion. The samples are sealed in an evac-
uated quartz tube with a few grams of mercury. The in and out-dif-
fusion of mercury can be adjusted by varying the temperature of the
mercury and, hence the mercury vapor pressure in the tube° All the
mercury diffusions have been performed with the (Hg,Cd)Te samples
between 250 and 300 °C. It should be noted that not all p-type
(Hg,Cd)Te material can be converted to n-type via this mercury an-
neal, however, all n-type can be made p-type with the formation of
mercury vacancies.
3.3.1 Mercury In-Diffusion
The initial mercury in-diffusion experiments were performed with a
large mercury vapor pressure. However, the resulting p-n junctions
exhibited no reverse bias saturation currents and large capacitances
as expected for heavily doped p- and n regions. The basic approach
in avoiding tunnel currents in 10.6-_m (Hg,Cd)Te junctions is to
reduce the carrier concentration in the p-type side of the junction.
Two factors complicate this problem. First, the hole concentration
in the starting material is controlled only within rather broad
limits owing to the nature of the fabrication process° Second,
the diffusion process involves an elevated temperature treatment,
which can be expected to generate mercury vacancies that behave as
electrically active acceptor states. Accordingly, a program of
elevated temperature mercury diffusions was planned and carried out.
It was desired to investigate the effect of various mercury diffus-
ion treatments on both conductivity types of material which are
affected by the diffusion° Three n-type and three p-type samples
were used. Resistivity was measured before and after diffusion.
Hall coefficient measurements were previously made on samples
taken from the same ingots as the samples used in this study. The
Hall coefficient was measured on each of the six diffused samples
after diffusion. Finally, on the samples which were initially
23
p-type, the approximate depth of the n-region after diffusion was
determined by thermal probing= Mesa-type diode structures were
fabricated from two of the p-type samples, and were evaluated.
Three elevated temperature treatments were used. All samples were
subjected to an initial brief diffusion with a high mercury vapor
pressure which should saturate the sample surface with mercury,
and defects (mercury vacancies) would be formed in the interior=
The first group of samples quenched to room temperature should re-
tain the defects. The second group of samples was given a longer
diffusion with a reduced mercury vapor pressure which should result
in the surface mercury diffusing further into the material. Quench-
ing after this treatment should "freeze-in" the defects formed by
the high temperature. The third group of samples was given a slow
cooldown to room temperature after the initial mercury diffusion°
This slow cooldown would be expected to permit defects to anneal
without causing further mercury diffusion. One n-type and p-type
sample was given each treatment°
The resistivity before and after diffusion of the three n-type
samples is shown in Figure 3.3. The resistivities of the three
samples prior to diffusion was not characteristic of classical n-
type (Hg,Cd)Te. None of the three treatments substantially changed
the apparent resistivity of the materials, with the exception of
second treatment 2.
The Hall coefficients of the same samples are shown in Figure 3.4.
Here the difference between the two quenched samples is insignificant
below room temperature. Also, all annealing treatments lowered the
Hall coefficient by over an order of magnitude. The dependence of
RH on temperature in the range from 140 °K to 300 °K is similar to
the dependence for the undiffused sample. The less abrupt spectral
cutoff wavelength of these samples indicates that the mercury has
had a significant effect on the (Hg,Cd)Te surface composition and
energy gap.
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Figure 3.5 shows resistivities of the three p-type samples before
and after diffusion. The shapes of the curves are similar for all
six cases. It should be recalled that the post diffusion data
presumably refers to the n-diffused layer only, and were calculated
on that basis.
The fact that the diffused layer resistivities do not show the
temperature dependence expected from n-type material is under in-
vestigation. It is believed that either the layers are degenerate
or that the measurement is being dominated by the base, p-type,
region.
Figure 3.6 shows the Hall coefficients of the p-type samples after
diffusion. The data for P2 and P3 are suggestive of n-type mater-
ial in shape. The data for PI, which had only a 30-minute treat-
ment, indicates that the surface of PI may still be p-type. If the
measurement could have been made at lower temperatures, it is be-
lieved the curve for PI would have shown the dip characteristic of
the Hall coefficient of p-type material.
3.3.2 Mercury Out-Diffusion
It is possible to convert the surface of n-type material to p-type
by introducing mercury vacancies which are known to behave as ac-
ceptors. We propose to use this phenomenon to produce p on n-
type photodiodes, which theoretically should have a faster response
time than n on p-type due to the higher electron minority carrier
mobility. The objective of this study is to investigate the dif-
fusion times and temperatures which result in a consistent and re-
producibile method of shallow p-n junction fabrication.
An initial experiment with mercury out-diffusion consisted of heat-
ing the surface of a (Hg,Cd)Te sample to 200 °C by focusing an in-
tense beam of light onto the slab. It was expected that most of
the light absorption would take place at the surface, thereby
causing the excess mercury at the surface to evaporate. The first
sample on which this technique was tried showed a p-type surface
at 77 °K immediately after the heating. After sever_l minutes,
however, the surface had reverted back to n-type. The reason for
this change is not known, but further experiments with this _ch-
nique are planned.
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SECTION 4
PHOTODIODE DESIGN CONSIDERATIONS
The development of a photodiode having the desired responsivity,
response time, and quantum efficiency will require a successful
combination of design, material properties, and fabrication pro-
cedureso Previous sections of this report have shown how the
properties of (Hg,Cd)Te alloys vary with composition, doping,
temperature, and diffusion parameters. In this section, the
photodiode design and performance based on material properties
are discussed. After a general description of a photodiode and
its mode of operation, the p-n junction characteristics, response
time, and sensitivity performance are discussed.
4.1 INTRODUCTION
Photons which have the proper energy to be absorbed in the region
of a p-n junction, produce an output potential across the junction
caused by the diffusion of photoexcited electrons and holes.
Figure 4.1 shows the physical configuration of such a photo-
diode. The diode has three electrically different regions:
p-type, n-type and the depletion region. In this particular
model the infrared radiation is incident on the n-type layer.
Electrical contacts are made to the n- and p-type regions. The
output signal of such a device is proportional to the amplitude
modulation of the infrared radiation.
The Fermi levels in p- and n-type regions are aligned in the
absence of radiation to balance the diffusion of electrons and
holes from each side of the junction. The resulting electric
field in the depletion region accelerates any mobile carriers out
of the depletion region. Because the minority carriers diffuse
across the junction, their densities are reduced within a dif-
fusion length L of the depletion region. The distribution of the
photoexcited electron hole pairs created in these three regions
depends on the absorption coefficient of the semiconducting
material which is a function of the radiation wavelength (photon
energy). Ideally, all the electron-hole pairs are created within
the depletion layer. Then the internal electric field splits the
pair, moving the hole into the p-type material and the electron
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into the n-type material, contributing to the signal current.
In a practical situation there are always some photoexcited
carriers generated on either side of the depletion layer. In
this case, only the excess minority carriers diffuse across the
junction and contribute to the signal current° The movement
of electrons and holes causes the n-type material to be charged
negatively and the p-type material to be charged positively. An
open circuit voltage will then be generated across the detector,
and if a load resistor is connected across the device, a current
will flow.
The photodiode can also be operated with a dc reverse bias vol-
tageo This externally applied voltage increases the depletion
region, thereby increasing the number of photoexcited electron
hole pairs generated within the depletion region. In this mode
of operation the amplitude modulation of the infrared radiation
is proportional to the ac short circuit signal current. This rev-
erse bias mode extends the frequency response of the photodiodes
and is better matched to broadband preamplifiers.
At large reverse bias voltages near the avalanche breakdown
voltage, photoexcited electrons and holes traversing the deple-
tion layer gain enough kinetic energy to impact ionize bound
charges. Each collision produces secondary carriers which may
also create other electron hole pairs giving rise to a gain
mechanism. Such an avalanche gain is extremely important in
increasing the detector-preamplifier detection preformance
since the broad band preamplifier noise usually dominates the
detector noise. Thus, the signal and detector noise can be
amplified by the avalanche gain mechanism, increasing the per-
formance until the detector noise becomes comparable to that of
the preamplifier.
4.2 P-N JUNCTION CHARACTERISTICS
The dc current-voltage (I-V) characteristics for a simple one
dimensional model of p-n junction is given by
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sinh (_V/2KT) V>0
Io (eqV/KT-I) + _r q(VD-V)/KT
Io + GV + Ip + _r v<O
(4.1)
where
Io = diffusion limited saturation current
= Aq +
, p
GV = surface leakage
Ip = current induced by absorption of radiation
Ig r = space charge generation recombination current
Aqn i W
= JT r
po no
assuming recombination centers midway in the energy gap, see
References 16 and 17.
A = junction area
D ,D = diffusion constant for holes and electrons
p n
= gp,n KT
q
,Ln = diffusion length for holes and electrons
=_D
p,n p,n
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Pn, np
n °
l
= hole and electron minority carrier densities
= intrinsic carrier concentration
= hole and electron minority carrier lifetimes
W = depletion layer width
The diffusion and space charge generation reverse bias currents
have been calculated for a p-n junction in (Hg0.81Cd0.19) Te mate-
rial assuming the measured and calculated material parameters dis-
cussed in Section 3 and listed in Table 4.1. Over the 77 to 140°K
temperature range, the Auger lifetime has a slow variation and
for these calculations can be considered temperature independent.
The temperature dependences of the diffusion and space charge
generation currents for a l_m depletion layer are shown in
Figure 4.2. At low temperatures the diffusion and space charge
generation currents are comparable, but as the temperature is
increased, the diffusion current, which varies as n. 2 as opposed
to the n i dependence of the space charge, becomes d_minant.
Also shown is the cur_nt induced by the absorption of 300°I(
background radiation assuming a 60°FOV and 0.2 quantum efficiency.
Thus, at low temperatures the photodiode performance can be
increased by limiting the field of view.
A small signal equivalent circuit for a diode is shown in Figure 4.15
The shunt resistance Rd and depletion capacitance Cd both vary
with the dc operating point. The low frequency (_ _ i) small
signal shunt resistance at 77°K and zero bias is given by
Rd = _ kT (4.2)
q I
O
where 8 _ 1 is the recombination coefficient. Thus a photodiode
with a 4 x 10-4cm 2 area should have roughly a 500 ohm junction
resistance at 77°K.
The junction capacitance is composed of a depletion and diffusion
component. Under reverse bias conditions, the depletion capaci-
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Table 4.1
MEASURED AND CALCULATED VALUES OF (Hg,Cd)Te PROPERTIES AND
PHOTODIODE DIMENSIONS
Property or Value
Dimension
How Determined
Junction type abrupt
Area 4 x 10 -4 cm 2
Temperature 80°K
ND donor concentration 5 x 1014 cm -3
NA acceptor concentration 1016 cm -3
n i intrinsic carrier
concentration 4 x 1013 cm -3
Assigned
Assigned
Calculated (2.3)
minority carrier (hole)
P I lifetime in n-type 10"6s
minority carrier (electron) _
n { lifetime in p-type 10-ms -i
_n electron mobillty 2 x 105 cm 2 V-I s
_p hole mobility 2 x 103 cm V-I s-I
Ln minority carrier
(electro_ diffusion
length in p-type nJ_cer-
ial
Lp minority carrier (hole)
diffusion length in
n-type material
I reverse bias current
RD diode resistance
Rs series resistance
quantum efficiency
S sensitivity
CD diode capacitance
10_m
i0 _m
12 x 10 -6 A
500 ohms
_i0 ohms
0.25
2°5 A/watt
4 pF
measured data (2.5)
extrapolated
measured (2.4)
approximation
based on
measurement
calculated
calculated
calculated (4.2)
calculated(4.2)
calcula ted, ref. 14
calculated (4.3)
calculated (4.3)
calculated (4.2)
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tance is dominant. The depletion capacitance for an abrupt p-n
junction is given by
c e NDNA
Cd = A (ND + NA) (V + ¢) (4.3)
where NA and N_ are the acceptor and donor impurity doping con-
centratlon in _he respective sides of the junction and _ is the
contact potential° _ should be roughly 0.05 volt with the proposed
impurity concentrations. Thus, with a few tenths of a volt reverse
bias voltage, the depletion capacitance should be roughly 4pF.
The series resistance Rs calculated from the bulk resistivity
and the contact spreading resistance II should be less than I0
ohms.
4.3. SENSITIVITY AND QUANTUM EFFICIENCY
In the design of a sensitive high speed photodiode, there are
several parameters which have to be carefully selected to obtain
the optimum sensitivity and electrical bandwidth. The junction
depth is one of these parameters. The deeper the junction the
higher the quantum efficiency and therefore, the greater the
sensitivity. However, deeper junctions also have a longer trans-
it time associated with the diffusion of minority carriers to the
junction. Thus, if the speed of the photodiode is transit time
limited, a deep junction photodiode would be slower than a shallow
junction photodiode.
The steady state response of a _raded base photodiode has been
calculated by Jordan and Milnes 17 by solving the continuity
equation in the p-type base region in terms of dimension less
parameters _, sw/Dn,W /L and _.
Sn n -n i _Jn
- _ + +g (44)St _ q Sx
n
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Jn = current density actually caused by electron motion
n = equilibrium electron concentration
P
_n = minority carrier (electron) lifetime
= absorption coefficient
w = junction depth
S
D
n
= surface recombination velocity
2
= Ln /T
n
= electron diffusion coefficient
= electric field resulting from gradient in doping
concentration
g = generation rate due to incident photon flux
The sensitivity (directly related to the external quantum
efficiency) and response times are derived f_m solutions to this
equation. The parameter _w may be interpreted as the ratio of
base width to the mean depth of penetration I/_ of the incident
radiation. The parameter sw/D and w/L are associated with the
minority carrier loss and volu_ne recombination, respectively.
The effect of the built-in electric field (_w parameter) is to
accelerate minority carriers to the junction, decreasing the
transit time.
With a 10-_m junction depth, the built in electric field re-
sulting from the gradient in doping concentration is approximately
I0 V/cmo The best estimate of the surface recombination velocity
(s _ 104cm/s) has been interpreted from the thicknes_idependence
of the n-type photoconductive detector response time . Sub-
stituting previously stated diffusion constants for 77°K opera-
tion there is a negligible increase in the reverse bias current
due to minority carriers generated at the surface being swept
across the junction. At the same time a high sensitivity with 40
percent external quantum efficiency including the front surface
reflectivity is calculated. In practical situations, there are
other factors such as window reflections and non-ideal device
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parameters which tend to reduce the quantum efficiency. However,
we feel that a 2.5A/W sensitivity and a 25-percent quantum
efficiency are readily achievable.
The response time of a photodiode may be limited by either the
transit time, recombination time, or the RC product. There is a
transit time associated with the motion of minority carriers in
the p-type surface layer and in the depletion region. With a
4-_m junction depth, the transit time for electrons to diffuse
from the surface to the junc_on is
i0-i 0= (dj)2/( _n ) _ i x s (4.5)
In a diffused junction, the graded doping profile will establish
an electric field which will reduce this transit time. 17 In
either case, the transit time for excess minority carriers in
the surface layer is much smaller than the effective lifetime,
including surface recombination, so that most of the photoexcited
minority carriers will traverse the junction contributing to the
signal current rather than recombining.
Also, there is a transit time associated with carriers traversing
the depletion region. For large reverse bias, the maximum de-
pletion width x. is about 2 _m; and this transit time is
3
= x./V _ 2 x i0 -II s
j e (4.6)
where V e is the average velocity obtminable for an electron
(approximately 10 7 cm/s). This transit time is reduced with
lower reverse bias voltage.
-i
Since the absorption is roughly 2 x 10 3 cm , less than ten
percent of the photoexcited carriers are generated more than
I0 _m from the surface. Thus, there are very few excess min-
ority carriers which have to diffuse to the junction from deep
within the n-type material, and this transit time can be neglected.
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The response time may be limited also by the ReffC product where
C is the depletion layer capacitance and Ref f is the effective
shunt resistance calculated from the equivalent circuit shown in
Figure 4.3. Assuming Rd > _ > Rs the short circuit response
time is roughly:
r _C d 9 x I0 -I0= _ - s (4.7)
with a typical 50-ohm load resistance. This response time should
decrease when the diode is reversed biased. Providing the
junction resistance remains larger than the load resistance, the
photodiode frequency response should not change appreciably at a
high operating temperature since the mobility and lifetime are
not particularly sensitive to temperature over the 77 to 140°K
temperature range.
To summarize the discussion of response time limitations, the
photodiode should be capable of transit time limited operation
exceeding the desired frequency response (400 MHz). The limiting
transit time for carriers generated at t_ surface to diffuse to
the junction is _I x i0 -I0 s. Due to the high absorption coef-
ficient, only an insignificant number of carriers is generated
in the n-type region where they take longer to reach the junction.
With a 50-ohm load resistance terminating this diode, the relaxa-
tion time of charge stored by the depletion layer capacitance
should be comparable to the transit time. Thus, with proper
layout and package design, the photodiode as envisioned should
exhibit the desired frequency response.
4.3.4 NOISE MECHANISM, NEP, D*
There are thres_ces of noise which contribute to the total
noise current ,<iN,_= z.> at high modulation frequencies: shot
(saturation) noise, thermal/Johnson noise, and background noise.
These currents are independent of each other; and thus, the
total noise current is the rms sum of these currents. There
also should be a i/f noise current in this diode; however, at
high modulation frequencies this noise should be insignificant.
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Shot noise is the result of the discreteness of electronic
charge, and the current flowing through the device is the result
of current pulses produced by the individual electronics and
holes. The mean square value of this noise current is
2
< iN > shot = 2qAJ_f (4.7)
The temRerature dependence of this noise current increases roughly
as e-Eg ykT with increasing temperature. At zero bias this noise
current reduces to the thermal (Johnson) noise generated by the
zero bias diode resistance. Assuming a diffusion limited sat-
uration current and no surface conductance, this noise current at
77°_ with the assumed device parameters is roughly 4 x 10 -24
amp in a l-Hz bandwidth.
The detector responds also to the radiation emitted by the back-
ground and this results in an effective mean square noise current
2 2
kiN > background = 2 q N Jr A Af (4.8)
Assuming a 300°K background 180-degree field of view, ii-_
cutoff wavelength, and 0.2-quantum efficiency_ this current is
approximately 2 x 10 -24 amp 2. Thus, at 77°K the shot and back-
ground noises are comparable.
The open circuit noise equivalent power calculated from the de-
tector parameters and the sum of the above noise currents is
NEPx _ q hcxN _" <iN2>/_f _ i0 12 watts Hz "I/2 ()_4.9
The detectivity is
42
* _ q _ _-A _ 2 x cm /watt (4.10)= i0 I0 Hz I/2
hc iN >/_f
Figure 4.4 shows the temperature dependent NEP and detectivity
as a function of temperature calculated from the temperature
dependence of the reverse bias current (Figure 4.2) and the as-
sumed temperature independent sensitivity. However, it should
be emphasized that high performance can be achieved when the
photodiode is operated in the coherent detection mode. In
heterodyne detection with a large local oscillator signal, the
sensitivity of the device is considerably greater than in
straight detection because of the high conversion gain between
power at the input and at the difference frequency.
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SECTION 5
FABRICATION AND CHARACTERIZATION OF INITIAL DEVICES
Two approaches have been pursued in the advanced development of
high speed (Hg,Cd)Te photodiodes for the detection of 10.6-_m
radiation° The first, utilizing an acceptor impurity (gold)
diffusion in n-type material, is an extension of the successful
technology developed by Honeywell for near infrared photodiodes.
The second utilizes the deviation from stoichiometry (mercury in
and out diffusion) for p-n junction formation. Photodiodes have
been fabricated by both techniques and their performance evaluated.
Although neither technique has been fully exploited, it appears
that as fabricated n-on p-type photodiodes with the low resis-
tivity shallow diffused layers have a higher electrical bandwidth.
The gold diffused photodiodes have high quantum efficiencies,
however, the high series resistance of the experimental ring con-
tact on the high resistivity p-type layer limits its frequency
response through the RC product. The series resistance can be
reduced with a different contact configuration such as the stripe
pattern shown in Figure 4.1.
The initial criterion for a successful diode was the shape of the
I-V characteristic at 77°K, as determined on an oscilloscope curve
tracer. Diodes which exhibited rectifying characteristics were
subjected to a series of subsequent measurements, including capa-
citance as a function of voltage; response to a pulsed fast-rise
time GaAs laser and heterodyned CO 2 lasers; spectral response
over the range 2-14 _m; and DB_ (500K, I000, I). From the D*
measurements, responsivity ann quantum efficiency were calculated.
Most of the gold and mercury diffused photodiodes exhibited a
junction resistance lower than anticipated. Furthermore, in all
cases, the reverse-bias current failed to saturate or follow the
voltage dependence expected assuming space charge generation in
the depletion layer. The reverse characteristics in many cases
were relatively insensitive to temperature. Finally, the junc-
tion capacitances were very large and frequen_yexhibited anoma-
lous voltage dependences_ This phenomenon is possibly the result
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of heavy doping concentrations in both sides of the junction or
a non-planar diffusion. In view of these difficulties, much of
the experimental effort was for diagnostic purposes.
5.1 GOLD DIFFUSED PHOTODIODES
5.1.1 Preparation
Gold has been diffused into n-type (Hg,Cd)Te material from ingots
40470, 10968 and 20968° A thin layer of gold is deposited over
one surface of the (Hg,Cd)Te material using a dilute gold chlo-
ride solution. After diffusions ranging from 15 minutes to 8
hours at 275 to 300°C, the surface layer at 77°K thermoelectri-
cally probes p-type consistently(see Section 4.2).
After the diffusion, the p-type surface, which becomes the active
area, was lightly lapped to remove the excess gold and etched in
bromine alcohol. For ohmic contact to the diffused region, gold
and indium were deposited usually in a ring contact, however, a
variety of other configurations were also employed for junction
evaluation studies. The ring configuration was chosen to mini-
mize the series spreading resistance in the shallow p-type layer.
The area surrounding the contact ring is air abraded and etched
to form a mesa structure as shown in Figure 5.1. These small
arrays were mounted in evacuated dewars for temperature depen-
dent evaluation measurements.
5.1.2 P-N Junction Characteristics
The initial investigation of gold diffusion in n-type (Hg,Cd)Te
used material from ingot 20968 possessing the temperature depen-
dent Hall coefficient and resistivity as shown in Figure 2.6.
Although the surface region thermoelectrically probed p-type
after diffusion consistent with the theory of gold diffusion
(see Section 3.2), no rectifying current-voltage characteristics
were obtained on a variety of diodes fabricated from such mate-
rial. Since this gold diffusion technique has worked successfully
in near infrared (l-5_m (Hg,Cd)Te), the gold diffusion was investi-
gated in an intermediate composition of (Hg,Cd)Te material from
ingot 40470. Figure 5.2 shows the current-voltage characteristics
of such photodiodes measured at several temperatures with and
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Figure 5.2 CURRENT VOLTAGE CHARACTERISTICS OF A GOLD DIFFUSED
(Hg,Cd)Te PHOTODIODE AT SEVERAL TEMPERATURES WITH
AND WITHOUT INCIDENT RADIATION (_p-7o4 _m) DIODE AREA
4 x 10-3cm 2 IDENTIFICATION NO. 40470 S161 F-3
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without incident radiation. The energy gap of this material as
determined by the peak spectral response is _g = 0.17 eV(Xp=7o4_m)o
At 146°K the material is partially intrinsic and the current-
voltage characteristics show only a small nonlinearity. At lower
temperatures (90 and 77°K) the diode has a more pronounced rec-
tifying characteristic, although the reverse bias current is
larger than that calculated from estimated material parameters
assuming dominant space charge generation currents. It is pos-
sible that the gold diffusion could have substantially degraded
the lifetime, increasing the space charge generation current.
The capacitance was measured as a function of reverse bias to
determine the doping profile. Figure 5.3 shows the voltage de-
pendence of the shunt capacitance and resistance measured using
a I-MHz Boonton Capacitance Bridge (Model 78A) with a XI000 range
extender required for the low shunt resistances. The reciprocal
square of the capacitance varies linearly with low values of
the applied voltage and extrapolates to a 45-mV contact potential.
Figure 5.3 shows the variation of capacitance with the square root
of the voltage corrected for the contact potential. Thus, the
brief (5 minute) gold diffusion yielding a 10-_m estimated junc-
tion depth, has resulted in an abrupt p-n junction° However,
there is a discrepancy in the acceptor doping concentration and
contact potential calculated from the initial material parameters°
With the renewed confidence in the gold diffusion approach, several
samples of n-type (Hg,Cd)Te from ingot 10968 having a peak resis-
tivity in the ii to 12-_m spectral range and a similar tempera-
ture dependent Hall coefficient and resistivity as shown in
Figure 2.6 were given a brief gold diffusion. One sample, desig-
nated (H), was diffused in a flowing atmosphere of nitrogen and
hydrogen. The other sample, designated (G), was sealed in a
0o3-Cm 3 quartz tube° Since the junction depth is a function of
the Hg partial pressure during diffusion, it is believed that
these approaches should enhance the proportion of electrically
active gold (presumed to be substitutional in Hg sites) yielding
a shallow abrupt p-n junction. The junction depth was measured
by thermoelectric ally probing and lapping the diffused surface of an
adjacent sample which was similarly diffused and is believed to
be in the 10-to 30-mil range. Two evaporated indium contacts
were made to the p-type surface layer on each mesa photodiode with
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area 3 x 10 -4 2cm . The mesas were delineated by a brief air abra-
sion and chemical etching in a bromine methanol solution.
Figure 5.4 shows the measured current-voltage characteristics of
a gold diffused photodiode at several temperatures. The reverse
bias characteristics do not exhibit a saturation current, but
rather are characterized by a shunt resistance of approximately
70 ohms at both 77 and 90°K. At higher temperatures, 146°K, the
material becomes intrinsic and the junction characteristics be-
come less pronounced. At lower temperatures, the forward bias
injection effects are diminished and the current-voltage charac-
teristics become almost linear with a 400 ohm resistance at 4.2°K.
Although the current-voltage characteristics between adjacent
contacts on one mesa are similar to the reverse bias diode
characteristics, the conductance and capacitance of the two
contacts connected together relative to the base are approximately
the same as either individual contact to the base. Thus, one can
conclude that the entire surface of the mesa is high resistivity
p-type and that the surface conductance is lower than the bulk
n-type conductance including the junction resistance°
The capacitance of these diodes is insensitive to low values of
applied reverse bias voltage due to the large contact potential,
however, above 100mV it decreases almost linearly. Figure _5
shows the measured capacitance and resistance for one of the best
gold diffused photodiodes at 77°K. There is no appreciable change
for 90°K operation.
5.1.3 Sensitivity and Quantum Efficiency
Spectral response measurements as shown in Figure 5.._ were made
on several photodiodes using a Beckman IR 604 spectrophotometer.
Most of the 10968 SI17 G and H photodiodes exhibited a peak res-
ponse at ll.5_m at 77°K. At 90°K the peak responsivity is shifted
to approximately ll.0_m.
Absolute responsivity and detectivity were measured using a 500°K
blackbody chopped at ikHz. The responsivity and small signal
junction resistances as_own in Figure 5.6 are functions of the
reverse bias voltage. The maximum blackbody responsivity of
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Figure 5.4 CURRENT-VOLTAGE CHARACTERISTICS OF A GOLD DIFFUSED
(Hg,Cd)Te PHOTODIODE AT SEVERAL TEMPERATURES WITH
AND WITHOUT IN_TDENT RADIATION, DIODE AREA 3xl0-3cm 2.
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10968 S-I17 H photodiodes is approximately 160V/W at 77 and 90°K
which occurs at roughly 0.2 volt reverse bias. The zero bias
responsivity is nearly a factor of three smaller. The G factor
for an ideal photon detector is 2.3 Thus, the peak spectral
responsivity is at least 360V/W. Dividing the responsivity by
the junction resistance yields a 5.2-A/W sensitivity (50% external
quantum efficiency)° The zero bias sensitivity measured with a
20-ohm load resistor is 1.7 A/W (16% external quantum efficiency).
Since the responsivity increases with voltage faster than the
junction resistance, it appears that the blackbody radiation
forward biases the unbiased diode, decreasing the junction re-
sistance and collection efficiency. The current-voltage charac-
teristics as observed on a curve tracer do change substantially
when the diode is in 77°K equilibrium or with incident room
temperature background radiation. The spectral detectivity Dk*
is 1.7 x 1010cmHz I/2 with the thermal noise generated in the
shunt resistance, the dominant source of noise. Less extensive
measurements were made on gold diffused photodiodes (i0968-Si17 G);
however, their zero bias detectivity and responsivity are com-
parable to the H photodiodes.
Blackbody measurements were made only at zero reverse bias on
40470 S161F3 photodiodes. The open circuit blackbody respon-
sivities are approximately 20 V/W. With a 3.3 a factor, the
peak spectral responsivity is approximately 70 V/W . The res-
ponsivity should increase with reverse bias voltage dividing the
responsivity by the zero bias junction resistance yields on ap-
proximate 0.2 A/W sensitivity, corresponding to a 3% external
quantum efficiency. The noise is obscured_by the preamplifier
system noise, but the D_ = 7.3_m > 5 x 109cmHzl/2/Wo Assuming
the photodiode is thermal noise limited, as occurs with other
long wavelength (Hg,Cd)Te photodiodes, the detectivity at
Xp = 7.4_m should be 5 x 1010cmHzl/2/W.
5.1.4 Response Time
Response time measurements have been made on the gold diffused
photodiodes using a pulsed GaAs laser diode emitting 0.9 _m
radiation. Although 0.9 N m radiation is beyond the intended
spectral range of the 7 and ii _m photodiodes, the detected
waveforms yield worst case information on the photodiode response
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time° The detected waveform using 10968 S-I17 H photodiodes at
77°K with ImA reverse bias current has approximately a 40-nano-
second fall time constant* probably limited by electrical circuit
constraints through the product of the junction capacitance and
resistance° The zero bias fall time of 40470 S-161F-3 photodiodes
at 77°K is longer, roughly 80 nanoseconds. Smaller area photo-
diodes with smaller capacitance and a 50-ohm input impedance pre-
amplifier should substantially increase the bandwidth.
5.2 MERCURYDIFFUSED PHOTODIODES
5.2.1 Preparation
Mesa type diodes were fabricated from samples of initially p-type
(Hg,Cd)Te material which were given various diffusion treatments
as discussed in Section 3. Only samples having an n-type surface
layer (determined by thermoelectric probing at 77°K and occasional
Hall and resistivity measurements) were processed. The configura-
tion and fabrication process follows those employed with the gold
diffused photodiodes.
5.2.2 P-N Junction Characteristics
The current voltage (I-V) characteristics of all diodes were
measured at 77°K, while more extensive temperature dependent
measurements over the 9.5 to 146°K temperature range were made
on certain representative diodes.
Figures 5.7 and 5.8 show the current-voltage characteristics of
two mercury diffused (Hg,Cd)Te photodiodes at 77°K. Note the
shift in reverse bias current with incident radiation as expected
from p-n junction theory (Section 4). Although the reverse bias
current does not saturate and is larger than that calculated from
known material parameters, the current-voltage characteristics
exhibit definite injection in forward bias. Reverse bias resis-
tancesare in the 50 to 150-ohm range.
*Time constant defined as the O to i/e time duration
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The temperature dependence of the current-voltage characteristics
is shown in Figure 5.9. The left trace is at 77°K, while the
origin is shifted i cm to the right for 90°K and 2 cm to the right
for 156°K temperature operation. Note that the 77 and 90°K reverse
bias currents and light sensitivities are similar.
Figure 5.10 shows the current-voltage characteristcs of a photo-
diode at several temperatures between 9.5 and II8°K. The reverse
bias current decreases and forward bias injection becomes more
pronounced as the temperature is reduced. However, at very low
temperatures 34 and 9.5°K, there appears to be a definite change
in diode characteristics which may be connected with the low tem-
perature type conversion (positive to negative Hall coefficients)
found in similar material.
The capacitance of thephotodiodes at 77°K has been measured as
previously described in Section 5.1.2 Figure 5.11 shows the
capacitance as a function of voltage for several representative
photodiodes. Note the same sharp decrease in capacitance near
0ol-volt reverse bias. It is believed that the abrupt decrease
is an extraneous effect due to a resonance in the range extender-
dewar configuration which becomes dominant with low junction resis-
tances.
The reverse characteristics of all mercury-diffused diodes deviate
from that expected and are nearly linear with resistances ranging
from 50 to 200 ohms. Several possible causes for this behavior
have been postulated:
i) Surface leakage paths or channels
2) Non planar diffusion and diffusion "spikes"
3) Metallic precipitates which short circuit
the junction space charge
4) Tunnel currents
5) Very short minority carrier lifetime coupled
with a high density of recombination centers,
such that currents are limited by ohmic scat-
tering before diffusion or generation limiting
is reached.
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Figure 5.9 CURRENT-VOLTAGECHARACTERISTICSOF A MERCURY
DIFFUSED (Hg,Cd)Te PHOTODIODE AT SEVERAL
TEMPERATURESWITH AND WITHOUT INCIDENT LIGHT
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Figure 5.10 CURRENT-VOLTAGE CHARACTERISTICS OF A MERCURY
DIFFUSED (Hg,Cd)Te PHOTODIODE AT SEVERAL
-3
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However, it seems unlikely that the surface leakage paths or
channels could result in such a low resistance which is insensi-
tive to various surface treatments. Diffusion spikes and metal
percipitates are quite possible based on the visual examination
of the material which frequently has small mercury pits. Tunne-
ling is believed to have been observed in at least one set of
diodes 20769 S126C-I. It is possible that tunneling currents
could contribute to the nearly temperature independent reverse
bias current. The last possibility is based on a worst case
calculation of the expected diffusion and space charge generation
currents in the tens of milliamperes.
5.2.3 Sensitivity and Quantum Efficiency
Figure 5.12 shows the spectral response of two mercury diffused
photodiodes at 77°K. The difference between these detectors is
that C-5 is inverted with radiation incident on the p-type ma-
terial, while C-6 has radiation incident on the n-type diffused
layer. The broad spectral response with a gradual cut-off is
expected in the deep junction C-5 photodiode.
The responsivity of the 20769 S125 BB photodiodes at zero bias is
approximately 200 V/W. The quantum efficiency calculated by
dividing responsivity by the diode resistance is approximately
4%. However, it is believed that substantially higher respon-
sivities are possible when the photodiode is reversed biased and
the active surface is etched after diffusion in the detector
fabrication process. The characteristics of several mercury and
gold diffused photodiodes are outlined in Table 5.1.
5.2.4 Response Time
The frequency response of these mercury diffused photodiodes
has been investigated using a CO 2 laser (10.6 _m) heterodyne and
pulsed GaAs laser diode (0.9 _m). Figure 5.i3a shows the pulse
waveform emitted by the GaAs laser diode as detected with an
ultra high speed silicon PIN photodiode. Figure 5.13b shows the
pulse response of a typical diode from B-3 (Xp = 8.5 _m) at
several bias levels. These diodes had a larger than anticipated
junction capacitance in the i00 to 400 pF range due to the high
doping concentration,and exhibited and RC limited frequency
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IR PULSE SHAPE EMITTED FROM A GaAs LASER DIODE (0.9;;m)
AS DETECTED WITH A ULTRAFAST SILICON PIN PHOTODIODE
20 n sec/cm
PULSE RESPONSE OF 8.5gm(Hg,Cd)Te PHOTODIODE AT 77°K
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(Hg,Cd)Te PHOTODIODE AT 77°K
Figure 5.13
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response in the 15 to 60 nanosecond range as shown. The capaci-
tance of an ll-_m(Hg,Cd)Te C-6 photodiode is roughly 30 pF, and
it exhibited a pulse response to 0°9 _m radiation shown in
Figure 4.28c that was transit time limited less than i0 nano-
seconds.
Initial CO 2 laser heterodyne frequency response measurements
(_ = 10.6 _m) have been made on two photodiodes. Diode C-5
showed good response to approximately i0 MHz, at which frequency
a decrease was observed. This roll-off frequency is in the range
expected from the diode RC time constant, 16 MHzo Diode C-2
showed an almost constant response out to 25 MHz, which is the
highest frequency obtainable with this system°
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